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rotor rotational speed

1st mode inplane bending frequency
inboard=chord (strain gauge location)
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mid-flap (strain gauge location)

section moment of inertia - in,

7.46% R
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SUMMARY

A 10-foot-diameter model of a new type of rigid rotor was tested in the
Freon atmosphere of the NASA Langley Transonic Dynamics Tunnel ot simu-
lated speeds up to 263 miles per hour.

Configurations having 3, 4, end 6 blades with zerc blade twist and a
L-blade configuration with six degrees of negative twist were tested.

See Figures 1, 2 and 3. A flexure system eliminated the usual feathering
bearings. While a true matched stiffness rotor would have flapping and
in-; "ane stiffness matched along the full length of the blade, the sys-
tem tested had stiffness matched only in the blade flexure region.

The tests were successful, and this new type of rigid rotor appears to
offer substantlal advantages over previous stif{ in-plane rigid rotors
by reducing:

1. Rotor Weight

2. Gyro Weight and Drag

3. Hub Drag

4. Control Forces

5. Mechanical Complexity
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INTRODUCTION

This wind tunnel program is a continuation of the rigid rotor research
work begun by Lockheed in 1958. More specifically, it is a continuation
of the investiga“*ion ol the matched-stiffness type of rigid rotor re-
ported in May 1964 as TRECOM Technical Report 63-75. In the previous
work the matched stiffness rotor was tested and compared to the chord
stiff type of rotor design flown on the Lockheed CL 475 test bed and the
XH-51 research helicopter. In this comparative type of model rotor test-
ing, a "mechanc set™ type of rotor was constructed so that a wide veriety
of rotor parameters could be easily tested. This approach necessarily
resulted in a research type of rotor which could not be an optimum from
the weight, drag, or simplicity standpoint for any one of the seven con-
figurations tested.

This report describes a follow-on program in which the results of the

earlier work were used to design a rotor of the matched stiffness type
which was optimized for rotor weight, hub drug, mechanical simplicity

and control requirements.

Matched stiffness means thet the elastic (but not centrifugal) stiffness
of the rotor blades outboard of the point at which feathering occurs is
approximately the same chordwise and flapwise. Matched blades are usually
designed to have their operating r.p.m. range well above their first

or cantilever in-plane natural frequency. This means that the possibil-
ity exists of obtaining mechanicel instability or "ground" resonance in-
volving any body mode which results in in-plane hub motion and cyclic
in-plane blade motion occurring at a frequency equal to the operating
rotaticnal frequency minus the first in-plane natural frequency. This
phenomenon can occur in flight as well as on the ground with a rigid
rotor and is therefore referred to hereafter as air/ground resonance.
This phenomenon was studied experimentally as part of this program.

The advantage of blade stiffness matching are:

1. Chordwise blade moments are decoupled from blade feathering.
This decoupling eliminates undesirable feedback to the gyro
control system. This opens the door to a significant reduction
in the size of the control gyro, which in turn means a reduction
in contrecl loads, boost requirements, gyro aerodynamic drag and
gyro weight.

2. Blade in-~plane loads are substantially lower than in a chord
stiff design. This was demonstrated in the earlier test work
and allows lighter blade designs.



3. The lcw level of in-plane stiffness required for matching makes
this tyne of rétor suited to the design of a new fltxure type of
hub in which 0ll beorings are eliminated f{ror the hub. This
flexure hub has no bearings, no wear points, no lubricatlon re-
guirements, and wery 1ow drag and weight and is structurully

redury Jegy +
Laallactis o

One besic blade and nuwb desipn wuas Lested in this program. Conflipurations
having 3,4, and 6 blades were tested with ~ero blade twist, and a 4-blade
onfiguration was tested with -u Jdegrees of blude twist. The only other
ruriations poessible were in the control system, where gyro Inertia und
damping could be veried within limits.

Hovering and low speed (to approximately 35 miles per hour) testing wus
done in the diffuser section of tle Lockheed Power Plant Laboratory Wind
Turnel at Burbank. High speed testing to a simulated 203 miles per hour
was done in the Freon atmosphere of the NASA Langley Research Center
Transonic Dynamics Wind Tunnel.



DESCRIPTION OF THE TEST ARTICLE

MODEL

The wind tunnel model constructed for the previous program and described
in TRECOM Technical Report 63-75 was used with the following modifications.

The rotor control system was completely redesigned to install the very
small gyro that was now feasible inside the body shell. Use of the small
gyro was dependent on obtaining low friction levels in the control system.
To accomplish this, all plain type bearings were eliminated in the rotat-
ing control system and in the gyro gimbal through the use of instrument
ball bearings and flexures elements. Gyro to blade pitch links were made
C shaped, as shown in Figure 4, to lie close to the rotor shaft and to
present minimum frontal area for drag. The gyro consisted of nothing
more than the rotating portion of the minimum sized swashplatc. Two
silicon fluid filled viscous dampers were provided 90 degrees apart in
the nonrotating control system.

Pitch and roll trim forces were appliei to the swashplate by two 4-inch-
diameter bellows assemblies placed 90 degrees apart in the nonrotating
system. Air pressure in the bellows could be varied above and below
ambient by the model controller to obtain positive and negative moments

on the swashplate. A quick change arrangement allowed the trim power
available to be changed by a factor of 5.5 through the use of either the
L-inch bellows or a smaller bellows. The 4=-inch bellows were used through-
out the tests described in this report. These bellows produced a spring
rate on the swashplate of approximately 3.2 inchepounds per degree of
angular motion of the swashplate with respect to the shaft.

The body shell was made 2 inches deeper to accommodate the swashplate on
top of the rotor shaft bearing box. Fairings shown in Figures 1 and 2
were installed on the hub and around the rotor shaft to minimize drag
and rotor/body interference effects.

During the Burbank hovering and low-speed test phase a Denison hydraulic

motor replaced the three synchronous electric motors which powered the
rotor in the high-speed test phase.

ROTOR

The 10-foot-diameter, matched-stiffness, flexure hub rotors tested in

this program consist of 3-, 4=, or G-blade/flexure assemblies which are
bolted between a pair of flanges on the rotor shaft. See Figure 5. The
outer TO percent of the blade span consists of a laminated, stainless-
steel, bonded D-spar which constituted the leading 30 percent of the 3.75-
inch chord. The trailing edge is constructed of contoured aluminum
honeycomb with .003*aluminum skins. The trailing edge is slotted every

3 inches, and the slots are filled with a flexible polyurethane foam to
prevent aerodynamic leakage and to provide in-plane damping of second and

higher mode blade motion.
T
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The inboard 30 percent of the blade span is the flexure. The flexure is
a laminated, bonded, stainless-steel, modified X-section which evolves
from the D-spar and completes an integral, jointless, structurally con-
tinuous member from blade tip to shaft attachment. The flexure has es-
sentlally the same stiffness in-plane as flapwise and is torsionally
soft enough to accommodate +15 degree changes in blade feathering angle.
Machined fittings are bonded to the inboard end of the flexure to accom-
modate the three bol® attachment to the rotor shaft. Typical blade and
flexure cross sections are shown in Figure 6.

A combination aerodynamic fairing and control torque tube covers the
flexure and attaches to the D-spar at 30-percent span with a small
Thomas type flexible coupling. This coupling is rigid with respect to
blade feathering torsion but will not transmit any appreciable in-plene
or flapwise bending moments into the torque tube. The inboard end of
the torque tube has a laminated steel flexure plate which accomoodates
in-plane and flapping motions of the blade and which contains two ball
bearings. One ball bearing attaches to the pitch link and the other is
anchored to the hub. Between them they convert pitch link forces into
feathering torsions and vice versa.

The blade section was a constant 3.T75-inch-chord NASA 631A012 (130 mean
line) section with either O-degree twist or -6 degree linear twist nose-
down from shaft to tip. No twist was present in either the flexure or
the torque tube, so the twist was actually -4.2 degrees from 30 to 100
percent radius.

The blades were converted from the air test to the Freon test configura-
tion by the addition of ballast assemblies and plastic fillers added
into the D-spar and X-section as shown in Figure T.

PHYSICAL PROPERTIES AND SIMULATION

The physical properties of the model and rotor are given in Table 1 and
Figure 8. This type of generalized model testing can be scaled to any
size that is of interest. However, the particular simulated full-scale
vehicle that was used as a scaling and design reference in order to in-
sure that the model design represented a realistic configuration is shown
with the applicable scale factors in Table 1. The model in Freon matches
the full-scale simulated vehicle exactly in Mach number, Reynolds number
and dynamic pressure (q). Further, the Strouhal number is matched, which
means that the reduced frequency is matched and therefore the full=-scale
dyriamic effects are represented. Froude number, however, is not matched.
This parameter may be interpreted in this case as a ratio of vehicle
kinetic energy to gravitational potential energy. Therefore, model
height loss to speed gained is not scaled to the full-scale vehicle. This
has an effect on the low=-frequency stability of a vehicle in free

flight. However, the spring rate and limitecd travel of the mocdel on the

10
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support system impose added restrictions on the investigation of this
area; therefore, model results in this particular area are of limited
use.

Table 1 relates the model L4-blade configuration to a simulated vehicle
with a 4-blade rotor. The 3-blade and 5-blade configurations represent
the application of higher and lower blade numbers and solidity to this
same simulated vehicle.

In order to simulate the largest possible vehicle with the model in
Freon, it was desirable to use the highest possible tip speed with the
highest available Freon density to obtain maximum Reynolds number. A
hovering tip Mach number of 0.60 was selected as representative of cur=-
rent rotor design practice, as this can be interpreted as a TOO fps tip
speed at 105 degrees F. or a 650 fps tip speed at 28 degrees F. This
tip Mach number used with the highest available speed of sound in Freon
determined the rotor tip speed (and the velocity scaling) in Freon.
This speed scaling determined the maximum dynamic pressure available.

A design tip speed of 650 fps was selected for the model in air and the
simulated vehicle as being representative of current rotor design
practice.

In testing the model in air at this tip speed, the tip Mach number is
slightly low but the dynamic pressure is high. For proper scaling, all
angles must stay constant. Using the same blade angles as in Freon
(and as on the simulated vehicle at 8,000-foot standard day) and the
higher dynamic pressure available in the air tests will result in in-
creased rotor 1lift and thus higher disc loading to simulate the same
dynamic situation. The coning angle will scale correctly if the blade
mass to fluid density ratio is held constant, because

_ Lift _ Fluid Density x %_g
Centrifugal Force Blade Mass X

coning =

This meant that in taking the model from air at @ = .0023 into Freon at
P = .0080, the blade mass had to be increased by a factor of 3.47T.

The blade natural frequency to design r.p.m. ratios from the model in

air are exactly the same as for the simulated velicle. The air test
frequency map is shown in Figure 9. Unfortunately it did not prove pos-
sible to increase the blade mass by a factor of 3.47 without also slightly
increasing the blade stiffnesses. This resulted in the raising of sec=-
ond and third mode frequencies in “he Freon test configurations. The
Freon test frequency map is shown in Figure 10. As the blades tested
have almost no structural damping of flapping modes or first (cantilever)
in-plane mode, it was possible to verify most of the intersection points
on the frequency maps by taking continuous oscillograph records while

the rotor was run through the r.p.m. range.

15
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Because of the necessity of restraining the body motions of the wind-tunnel
model through a spring suspension system, the mass and inertia scaling

of the model body is not particularly meaningful. The springs have the
effect of raising the body mode natural frequencies and changing the re-
sponse of the body to forcing functions from the rotor.

Forces measured on the model either in air or in Freon can be scaled to
other vehicle sizes simply by multiplying by the square of the scale
factor. For example, a pitch link load of 10 pounds on the model would
be

10 1b. x (%%—%%;)22 = 122.5 1b. for a vehicle with a 35=foot diameter

rotor in the same flight condition. Because material areas also scale
with the square of the scale factor, stresses shown in this report

are independent of scale factor and should remain the same for any size
of vehicle which operates at the same tip speeds used in these tests.

INSTRUMENTATION

The instrumentation both for data recording and for model condition dis=-
play to the model operator was essentially identical to that used in

the previous program and described in TRECOM Technical Report 63=75. A
strain-gage measurement of rotor shaft torsion was added.

Figure 6 shows the locations of the blade load measurements, which were
all strain gage measurements except blade feathering angle position,
which was from a strain gaged cantilever leaf spring follower.

Two strain gaged blades were included in each rotor tested. Data from

one blade was fed to the oscillograph while that from the other blade
was tape recorded for harmonic analysis by NASA personnel.

18



WIND TUNNEL TESTS

Hovering and low-speed (to approximately 35 miles per hour) testing was
conducted in February 1964 in the diffuser section of the Lockheed Power
Plant Laboratory Wind Tunnel, as shown in Figure 3. The tunnel is ap-
proximately 19 feet square at the point where the model was mounted. The
rotor plane was 8 feet above the floore. Air-flow velocity through this
portion of the tunnel tended to fluctuate such that at a mean velocity
of 35 miles per hour the flow-velocity-measuring Pitot reading was vary-
ing +5 miles per hour. This caused the model to oscillate in pitch and
roll. Pitching velocities as high as 5 degrees per second were recorded.
While this rough air was an excellent checkout of the functioning and
blade stability of the model, the data collected must be considered as
more representative of helicopter flight in rough air than of steady-
atate smooth flight conditions.

In March 1964, wind-tuinel tests at simulated speeds up to 263 miles per
hour were conducted in the Freon atmosphere of the NASA Langley Research
Center Transonic Dynamics Wind Tunnel. Helicopter and unloaded rotor
flight regimes were tested for 3-, 4-, and 6-blade configurations with
zero blade twist and a 4-blade configuration with -6 degrees of blade
twist. The 3- and L4-blade configurations are shown in Figures 1 and 2.

Figure 11 shows the distribution with speed and load factor of the 84
data points used in this report.

PROCEDURE

The general testing procedure was to bring the rotor up to the desired
r.p.m., increase collective pitch to obtain the desired hovering lift,
trim out any moments on the rotor wi‘h the trim system, and record hover-
ing data. The tunnel was then started and brought up tc the desired
speed. Model pitching attitude and collective pitch were adjusted to
obtain the desired flight condition, rotor moments were trimmed out, and
data was recorded. At preselected flight conditions the model attitude
was then changed nose up and/or nose down, and data was recorded to study
the pitching stability of the model. Some of these attitude changes were
"untrimmed", in that rotor moments were allowed to build up within safe
limits as the model attitude was varied, and the data as recorded con=-
tains these moments. Other "trimmed™ attitude change data was taken
with the rotor moments trimmed out after the attitude change had been
made .

AL high tunnel speeds it was not feasible to change collective pitch
because of a pitch-up phenomenon described later in this report. Most
of the data collected at 140 miles per hour (simuiated) and above was
taken by setting the collective, increasing the tunnel speed, and chang-
ing model pitching attitude to va~y rotor lift.

19
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RESULTS AND DISCUSSION

Air/Ground Resonance

In both the air and Freon test configurations, it was possible by ad-
justment of the body pitch and roll frequencies to obtain and then to
eliminate the ground resonance phenomenon. A typical resonance map is
shown in Figure 12. Resonance occurred when 1 body natural frequency
such as roll or pitch, which allows hub in-plane motion, crossed the
Q- vic line. 1In spite of the fact that blade in-plane damping was ex-
tremely low and an effort was made to minimize body pitch and roll damp-
ing, it was not possible to detect resonance which should have occurred
below 90 percent of design r.p.m. A case in point is the body pitch
crossing shown in Figure 12, which should have created a resonance
around 400 to 500 r.p.m.

In probing for air/ground resonance, the r.p.m. was slowly increased.

As the rotor approached a resonance, a gradual build-up in the amplitude
of the in-plane blade loads would occur first, followed by a build=-up in
body motions. It appeared that the blade first had to "lock on" tc the
- vic frequency before it could begin to feed energy in the resonant
body mode. In one case a drive system resonance where all the blades
were oscillating in plane at about 1.27 P apparently hindered the blade’s
"locking on" to the - w;. frequency. Two consecutive oscillograph
records were taken with no measurable difference in rotor r.p.m. The
first record shows the 1.27 P in-plane drive system resonance and no
sign whatsoever of air/ground resonance. The second record taken a few
seconds later shows a classic ground resonance situation. It is conjec-
tured that ground resonance is more likely to occur in a hovering situa-
tion, where 1 P in-plane excitation is not present, than in forward flight,
where the blade must overcome the 1 P excitation in order to "lock on"
to the lover @ - wj. frequency. It appears that very little separation
of frequencies is necessary to preclude air/ground resonance. The bulk
of the Freon tunnel testing was done at 565 r.p.m., where from Figure 12
it appears that Q - wj, was about 3.7 cps and body roll was about 4.9
cps.

Gyro Control System Operation

At simulated speeds up to 140 miles per hour, the automatic cyclic pitch
trimming characteristics of the gyro control system functioned perfectly.
It was possible to change tunnel simulated speed from 90 to 140 miles
per hour without touching the model trim controls. At 140 miles per
hour, the model pitching attitude could be varied from 3 degrees nose
down to 2 degrees nose up, again without touching the trim controls or
generating any significant rotor moments.
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The gyro inertia value used throughout the test program was the minimum
value that could be physically obtained, as it was simply the inertia of
the minimum-size swashplate and pitch links that were practical to build
for the model. Taking the gyro inertia per blade and scaling up to the
size of an XH-51 for comparison, the gyro tested was l/hO the size of
that currently flown on the XH-51. There was no indication in any of
the tests that this was a marginal size or that it represented the min-
imum practical gyro size.

Moments applied to the gyro to trim out undesired rotor moments in pitch
and roll were extremely small. Except at the highest tunnel speeds, a
positive reaction of model pitch or roll moment readout could be obtained
for a moment input to the gyro of approximately 1/8 inch-pound.

There was n0 significant gyro wobble or indication that the gyro caused
or participated in the blade "out-of-track" ‘or pitch up incident described
later in this report.

The oscillating portion of the pitch link loads was very small in spite
of the fact that no negative springs were used to cancel out the blade
flexure torsional elastic stiffness of 0.4 inch pound/degree per blade.

Pitch link loads are plotted versus forward speed from the four rotor
configurations in Figures 23 through 26. Trend lines with load factor
are developed and summarized for 1.0 "g" 1lift in Figure 38. It is of
interest that the pitch link loads for the twisted blade rotor did not
rise as rapidly with speed as for the untwisted rotor. The 6-blade-rotor
link loads seem to be lower than could be explained on the basis of lower
blade loading alone.

Blade torsion load measurements at 50 percent of blade radius are shown
by trace number 14 in Figures 13 through 20 to be similar to the pitch
link load. In magnitude they are insignificant.

Pitch-Up

The pitching instability of the model that had been encountered in the
previous program was again a problem. Since this is a wind=-tunnel model
problem and not a Tlight vehicle problem, it was decided to stabilize the
model in pitch with the model mounting springs rather than to build more
stability into the rotor than would be required in the rotor of the
simulated full-scale vehicle. The model mounting springs were adequate
for all attitudes at the lower speeds, but were inadequate [or nose-up
pitch attitudes at high speeds because of a nonlinear aerodynamic moment
variaticn with model attitude.
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Several times in the course of the program, at higher speeds and load
factors, the stability boundaries were exceeded inadvertently and the
model got away from the operator and pitched up against the stops.

Under this condition there is a high probability of breaking blades, as
the rigid rotor has the capability of producing more moment than it is
designed to withstand. Here, again , the solid pitch and roll stop re=-
straints on a wind=tunnel model represent a situation that does not exist
for a free flight vehicle.

A typical case occurred with the 6-blade configuration at one "g" lift
and 180 miles per hour. The model pitched up against the stops, and re-
covery was effected by running the model attitude nose-down. The rotor
was retrimmed, oscillograph records were taken and examined for signs of
blade damage, and it was concluded that nc damage had occurred. Tests
continued up to 200 miles per hour. After the rotor was stopped and

the tunnel pumped out, it was found that all six blades had been broken
in an upward bending sense. The breaks were of the "green twig" variety
where bending strength was lost but sufficient material remained in the
highly redundant flexure to carry the centrirugal forces. The surpris-
ing part of these incidents was that the rotor still responded to trim
control and was “flyable"™ after the blades were "broken" in a flap bend-
ing sense.

Forward Speed Limitations

Blade stresses were monitored during the tests, and testing was terminated
when stresses beyond the endurance limit were encountered. This was
usually due to combinations of advance ratio and lnad factor that re-
sulted in appreciab.e blade stall and was usually accompanied by an in-
crease in blade tip "out of track".

In the case of the unloaded rotor tests, however, a spurious forward
speed limitation occurred. In the near-zero=-degree pitching attitude
used for the unloaded rotor tests, the model body had no tendency to
pitch up or down as speed was increased up to 200 miles per hour simu-
lated. Above this speed the tare measurements (with blades removed)
indicated a tendency of the body to pitch nose-up, which was probably
even vorse with the blades on. The model operators console readout of
pitching moment by which he "trimmed" the model was the total of all the
moments on the model. Subsequent study of the oscillograph records
showed that the model was being held in pitch trim by large nose-down
moments supplied by the rotor apparently to overcome the body pitch=-up
tendency. The high blade stresses that limited forward-speed testing to
about 26U miles per hour simulated were 1 P flapping stresses as shown
in trace numbers 12 and 13 of Figure 17. This is typical of all the un=-
loaded rotor records above 200 miles per hour. Had a trim capability
been incorporated in the horizontal tail to trim out these body moments,
it is almost certain that much higher unloaded rotor forward speeds
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could have been attained. At the highest tunnel speed reached, the rotor
was carrying cver 1000 inch-pounds of moment. This is two and one-half
times the design steady moment and would correspond to an 11 inch aft
c.g. condition on an XH-51. It is not surprising that the model vibra-
tion levels were high under these conditions.

Because of these large rotor moments which should not have been present,
no attempt is made to draw conclusions regarding the loads and stresses
for the unloaded rotor data included in Figures 23, 24, 27, 28, 31, 33,
and 34.

Blade Loads and Stresses

Typical oscillograph traces are shown in Figures 13 through 21. The loca=-
tions of the strain gages on the blade and the corresponding 1/z values
are shown in Figure 6. The stress at the strain-gage location as plotted
in Figures 23 through 40 is simply the l/z value times the bending mo-
ment measured by the strain gages.

The rotor blade was designed to be as light as appeared feasible. No
"beef" was added to reduce the stresses at high speeds, as one of the
purposes of the program was to explore the relationships of solidity,
number of blades, and blade loading with forward speed.

Stresses in the blade flexure area could be reduced by adding material

to increase the Z value ( ) while holding the section I value constant.
However, a 30-percent reduction in stress levels would result in approxi-
mately a 30-percent increase in flexure weight.

The cyclic inboard flap bending measurements are not directly comparable
between rotor configurations, as their principal content is the 1 P flap
bending due to any slight untrimmed rotor moment. As it was not feasible
to trim the rotor moment exactly to zZero for each data point, any attempt
to compare the secondary effects of number of blades, etc., would be very
questionable. However, since the 1 P flap bending due to rotor moments
dies out approximately as the 4th power of the radius, meaningful com-
parisons of flap bending at the mid flap gages located one third of the
way out from the hub are possible.

In Figures 27 through 30, the mid-flap cyclic stresses are plotted and
stress trend lines with load factor and forward speed are developed.
Figure 37 compares these stresses at 1 "g" load factor for the four
rotor configurations. These stresses are quite low and did not appear
to be affected by blade twist. Reduction in blade loading reduced the
stresses slightly at low speeds and considerably at higher speeds. The
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inboard chord stresses are treated similarly in Figures 33 through 36

and 39. The twisted blades show higher stresses up to about 30 miles per
hour, but above this speed the twisted blades show lower stresses than the
untwisted blades. At a stress level of about + 12,000 psi, it appears
that the twisted blades have a 30-miles=-per-hour advantage over the un-
twisted blades. Figure 40 compares these stresses on the basis of com-
mon blade loading.

Mid-chord stresses were obtained only for the 4-blade-rotor straight-blade
configurations and are shown in Figures 31 and 32. The mid-chord stress
trend curves of Figure 31 bear a close family resemblance to the inboard-
chord stress curves of Figure 33, as do the mideand inboard-chord stress
curves of the twisted blades in Figures 32 and 36. The twisted blades i
again show definitely higher forward speeds for the same stress levels

as the untwisted blades. This speed increment due to twist is 40 miles
per hour at a + 10-ksi stress level and 1 "g" and 65 miles per hour

at 0.75 "g".

"Blade Out-of-Track" at High Forward Speeds

One of the principal operational problems of testing rotors in a Freon
atmosphere is blade tracking. The rotor as ballasted for Freon but op-
erated in air can be operated only in the lower r.p.m. range associated
with testing in Freon. The dynamic pressures are so low that the aero-
dynamic forces generated by the blades are not sufficient to indicate
accurately the small difference between blades which cause "outeof=track",
Thus, it was necessary to fill the tunnel test section with Freon in
order to obtain a meaningful tracking run and to pump out the Freon in
order to enter the section to make a track adjustment. This process
consumed three to five hours per adjustment. Because of the pressure of
time in the tunnel and the desire to test a number of rotor configura-
tions, it was not feasible to take the time that would have been required
to obtain perfect blade tracking. Slight "out-of-track®™ in hovering means
that the blades are nct carrying exactly the same 1lift. This slight dif-
ference in loading in conjunction with slight differences in blade shape,
roughness and effective camber leads to blade-tracking changes with for-
ward speed which usually get much worse at high advance ratios. This

was true with the model. For high-spéed flight of a full-scale vehicle,
it is usually necessary to provide small fixed tabs along the trailing
edge of the blades so that small aerodynamic differences between blades
can be corrected.

Body Vibration

Vibration levels for vertical, longitudinal, and lateral body motions are
depicted graphically in Figures 4l through 52. These levels are plotted
in the form of amplitude (expressed in + "g") versus forward speed (ex-
pressed in miles per hour). The amplitude values presented are those

for the simulated vehicle and are obtained by scaling the model data in
the following manner.
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( orce!
im veh = 1.56 A

Asim veh = model model
orce)
=

model

The model data was obtained from a harmonic analysis performed by NASA

of the body accelerometer records. The amplitudes plotted are one half

the sum of the amplitudes of the first nine harmonic terms. One case was
plotted, and the difference between the amplitude, as expressed by the
method used, and the actual curve amplitude with exact phasing is about two
percent. The square root of the sum of the squares also gives approxi-
mately the same value.

The 6-blade rotor configuraticn produced the least body vibration. With
respect to vertical and longitudinal body vibration levels, the 6-blade
rotor was followed Yy (in order of increased vibration) the 4-blade

(-C° tuist), 4-blade, and 3-blade rotors. With respect Lo l..eral vibra-
tion the 6-blade rotor was followed by the 3-blade, 4-blade (-6° twist),
and 4-blade rotor.

Table 2 shows the relative contribution of the different harmonics for
the rotor configurations tested. The 1/rev harmonic content of the vi-
bration is largely the product of:

1. Rotor unbalance
2. Rotor blades out of track
3. Rotor produced moments

These factors were present in small but varying amounts for all configur-
ations and test points. The 1l/rev contert of the vibration should be
ignored in comparing configuration, as the above factors do not relate

to rotor configuration as such. Both 4-blade rotor configurations show

a 4/rev vertical vibration. This may have actually been a pitching and/
or rolling acceleration due to the fact that it was physically impossible
to place the vertical accelerometer on a vertical line thru the center

of gravity. If it was indeed a pitch and/or roll two possible sources
exist.

(1) Blade passage aerodynamic load on the aft part of the body
shell. .

(2) The 3/rev, 2nd flapping mode near resonance in the rotating
system which can become a cyclic mode (produc1ng moments but
not vertical forces) of h/rev in the non-rotating system of a
4-blade rotor.
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An unusually high 4/rev contribution to the longitudinal and lateral body
vibration levels is in all probability due to the near resonant values

of the second mode bending chordwise frequency. (Refer to Figure 10).

The 4-blade rotor shows half again as much 4/rev as the 4-blade (-6° twist)
rotor. This may be due to the effect that angle of attack has on blade
frequency. This contention is substantiated by comparison of the mid-
chord cyclic stress levels of the 4-blade (-6° twist) configuration to

the 4-blade untwisted configuration. The second mode chordwise bending
amplitude is lower in the twisted blades. Some vertical 6/rev, which
appears in all configurations, is due to the resonance between third mode
flap tending frequency and operating r.p.m. (Refer to Figure 10). This
6/rev is much higher in the 3- and 6-blade rotors than in the l4-blade rotors.
An 8/rev harmonic term appears in most of the body vibrations for all
configurations. This is, as yet, unexplained, but it is believed to be

a body component drive system or suspension resonance. This is concluded
from its relative lack of sensitivity to number of blades. Some signi-
ficant 5/rev appears in the vertical body modes of the two 4-blade rotor
configurations and all three modes of the 3-blade rotor configuration.

This S/rev is observed in all remaining cases in a lesser magnitude. It

is noted that the 5/rev harmonic increased in magnitude in cases in which
the 6/rev decreased. It appeared through all cases that the relative
contribution of the sum of the 5, 6, and 7/rev tended to stay constant

but no explanation of the source of the S/rev can be offered at the present
time.

The 3-blade rotor configuration produced combinations of 3 and 6/rev vi-
brations. The 3/rev probably results from resonance with second mode

flap bending. The 6/rev component is probably due to resonance with third
mode flap bending.

The dominant harmonic term of all three body modes for the 6-blade rotor
was 6/rev. Although this was the major part of 6-blade rotor configuration
body vibration, the magnitude of this vibration was very low.

It should be pointed out here that the resonant or near resonant frequency
levels, at operating r.p.m. of second and third mode flap bending, and
second mode chordwise bending, shown in Figure 10 are due to the unfortunate
stiffening effects of the tungsten wire ballast. The frequency spectrum

in Figure 9 represent the ectual spectrum that would be associated with

a full scale flight article. It is estimated that this spectrum would
reduce the body vibration in all configurations through better avoidance

of blade natural frequencies at operating r.p.m.

Figures 41 through 52 show that vibration levels stay relatively constant
with forward speed. The body vibration tends to increase with load factor,
but the increase is not large.



CONCLUSIONS AND RECOMMENDATIONS

The fundamental conclusion to be drawn from this program is the matched-
blade/flexure-hub type of rigid rotor is a workable concept capable

of further advancing the helicopter state of the art. The following
advantages of this type of rotor were demonstrated:

1. Rotor stability with a very small gyro.
2. Extremely small control force requirements.
3. Elimination of feathering bearings.

The ground-air resonance phenomenon was produced and eliminated and was in
general found to be predictable and preventable by the separation of
frequencies without the need to complicate the hub with dampers, ctc.

Inasmuch as the scaling laws indicate that the test results can be
applied to any size rotor, there is no inherent size limitation to this
type of rotor. The only question not resolved is the exact weight of
large matched-blade/flexure-hub rotors. In Figure 22 an attempt is

made based on some limited studies of large flex-hub rotors to project
the model (and simulated vehicle) rotor weights to large diameters. The
information gained from this program allows the design of lighter rotors
than was anticipested. Thus, the simulated rotor, designed at the begin-
ning of the program, falls above the band of projected flex-hub rotor
weights.

It is recommended that research in this new and promising field of rigid-
rotor design be pursued in the following ways:

1. A 35-foot-diameter matched-blade/flexure-hub rotor be built
and flight tested on an XH-51 helicopter to obtain a flight
evaluation of this new concept and a comparison with the
chord-stiff type of rigid rotor.

2. A detailed design study of an approximately 100-foot-diameter

matched-blade/flexure-hub rotor be executed to obtain accurate
weight information on large rotors of this type.
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FIG. 37 - OSCILLATING MID-SPAN FLAP STRESSES VS FWD
SPEED AND SOLIDITY
5
4 BLADES
1 £10
= 4 BLADES (-6° TWIST)
o‘
<
9
15
P4
< CONSTANT 1 "g*

S | | 1 | 4
= 0 40 80 120 160 200 240
Viim, MPH
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FIG. 41 - VERTICAL BODY VIBRATION VS FWD. SPEED, 4-BLADE (-6°TWIST) ROTOR
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FIG. 42 - VERTICAL BODY VIBRATION VS FWD, SPEED, 4~BLADE ROTOR
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FIG. 43 - VERTICAL BODY VIBRATION VS FWD, SPEED, 3-BLADE ROTOR
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FIG. 44 - VERTICAL BODY VIBRATION VS, FWD, SPEED, 6-BLADE ROTOR
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FIG. 45 - LONGITUDINAL BODY VIBRATION VS FWD, SPEED, 4-BLADE (~6° TWIST) ROTOR
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FIG. 46 - LONGITUDINAL BODY VIBRATION VS FWD, SPEED, 4-BLADE ROTOR
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FIG. 47 - LONGITUDINAL BODY VIBRATION VS FWD. SPEED, 3-BLADE ROTOR
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FIG. 48 - LONGITUDINAL BODY VIBRATION VS FWD, SPEED, 6-BLADE ROTOR
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FIG. 49 - LATERAL BODY VIBRATION VS FWD, SPEED, 4-BLADE (~6° TWIST) ROTOR
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FIG. 50 ~ LATERAL BODY VIBRATION VS FWD, SPEED, 4-BLADE ROTOR
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FIG. 51 - LATERAL BODY VIBRATION VS FWD, SPEED, 3-BLADE ROTOR
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FIG. 52 - LATERAL BODY VIBRATION VS FWD, SPEED, 6~BLADE ROTOR

55



DISTRIBUTION

Army Materiel Command

Army Mobility Command

Army Aviation Materiel Command

Army Transportation Research Command

Army Research and Development Group (Europe)

. S. Army Engineer Research and Development
Laboratories

Army Research Office-Durham

U. S. Army Combat Developments Command
Armor Agency

U. S. Army Transportation School

U. S. Army Aviation School

U. S. Army \viation Test Board

U. S. Army Aviation Test Activity

Air Force Systems Command, Wright-Patterson AFB

Air Force Flight Test Center, Edwards AFB

Air University Library

Bureau of Naval Weapons

U. S. Naval Postgraduate School

Naval Air Test Center

David Taylor Model Basin

Ames Research Center, NASA

NASA-LRC, Langley Station

NASA Representative, Scientific and Technical
Information Facility

Marine Corps Liaison Officer,
U. S. Army Transportation School

Research Analysis Corporation

National Aviation Facilities Experimental Center

U. S. Army Standardization Group, Canada

Canadian Liaison Officer
U. S. Army Transportation School

U. S. Army Standardization Group, U. K.

Defense Documentation Center

SIS GGG &
wownn

56

6610-64

NN

37

™~

[ o] N et b e D e e NN e e e (%]

Pt et Pt

U =



(x3A0) VSVYN 9uy3 Jo axsydsow3e uoaxg ayj uf
Jaqumu YOoBl pus Jaqumu spToukay aTBOS
TINF 38 pa3sa} aIsm }STM]} SpPBTq pus
§3pBTQq JO Jaqumu ur ATuo BuTIaJIIP
SUOT3BINITIUOD INOJ *496T YOIUW
Buramp Auedwo) BTUIOFTTBI-PIIYHOOT
ay3 Aq xajua) yoxeasay Aar3usT YSYN
() gL ay3 Jo uotr3sxadood Y3 y3rm pajzonp
“NV=-LLT=-% va =U0D SBM J030X PIJTI Iaj3awelp 3007
30BIJUCY) °*2 =0T JO UOT38IT3}SSAUT TeBIuUawWIIadxa uy

J030Y4 3x0day paTJFISsSsBTOUN

PT3TY ssau

=JJT3S Payd3el SHTVTIOHTSTAT ¥sBIL WOOMMIVSN xsﬁ.-g
pazTui3do =LLT=th ¥a@ 398a3u0)) *dd GG ‘4961 xeq
us Jo s3S3% =WAAON ‘06LLT °ON 3x0day ‘BTUIOITITRBI
Teuumy putM T yuequmg ‘Auedwo) eTUIOFTTED=-Pa3YN0T
(X3A0)  YSYN 9uy3 Jo axsydsowse uoaxg syj ut
Jaqumu YoB puB Jaqumu SpTOuflay aTeOS
TTMJ 38 pPaj}sa] aaamM 3STM] SpeBTq pum
S9pBTQqQ JO Jaqumu ur ATuo BuTI3IITP
suoT3BMITIUCD JMOJ  *H96T YOIBW
Butramp Auedwo) BIUIOJTTBD=-PoIYNOOT
ay3 Aq Ia3ua) yoaxeasay ALaT3ueT YSYN
(1) gL aYy3 JO uoT3sIadood 8Y3 Y3Tm pajonp
“NV-LLT=%% vVa =U0D SBM J030JX PIJTJI Ia3aWBIpP 3007
30AIJU0) °*Z =0T JO UOT3IBIT3SOAUT TejuawrIadxs uy

J030Y4 qxoday patJrsseTouqn

PI3TY ssau

=JJT3S PaydIel SHTVTIOHTSTAT sel WOORMIVSN ((I)8L-INV
paztwr3do =LLT=th vQ@ 3o8I3uod) °*dd GG ‘96T I3q
us JO S3S3T =WAAON ‘06LLT °ON 3q0day ‘BTUIOITTBD

Tsuumy, putM

*T ‘queqang ‘Aueduwo) eTUIOFTTBD-PaYNO0T

(xan0) VSYN ay3 Jo axaydsourys uoaxj ayjz ur
Jaqumu YOBl pu®B Jaqumu SpTouksy aTeos
TN 38 Poa}sa} aaaMm 3STM} SpBTq pus
sapBTq JO Jaqumu ul ATuo SUlIaIJIP
SUOT3BINITIUCD JNOJ *H96T YOIBW
Butranp Auedwo) BIUIOJTTBI-PI3YHOOT
ay3 £q xa3ua) yoxsasay LaTfueT YSYN
ay3 Jo uorysxadood ay3 Y3 Tm pajzonp
=U0D SBM J030X PTITJI I933WBIP 3007
=0T JO uoT38IT3SaAuT TBIuUawWIIadxa uy

(L) 8L
“MY=LLT=-th va
10B8I3U0) 2

J0304 3xoday paTJIsSseTou(
PIZTY ssau

=J3T34S PayoEN SHIVTOHT2STAT ¥sel WOORMIVSN ((I)QL-WV
pazTut3do =LLT=tth V@ 3oBajuod) °+dd ¢G ‘#96T I3q
ue JO s3SI -WaAON “O6LLT °ON 3x0day ‘BTUIOITITEBD
Teuung putM T ‘juequng ‘Auedwo) BTUIOJTTED-Pa3YX00T]
Auw>0v YSYN 243 Jo aaxaydsowje uoaxg ayjz ug
Jaqumu YOBl PUB Jaqumu SPTOuAsy oTBOS
TInJ 348 pPa}sa] aIaMm 3STM] SpBTQ pue
sapeTq Jo Jaqumu ul ATuo JuTISIJITP
SUOT3BINITJUOD JNOJ °*H96T UOIEW
Sutanp Ausdwo) BTUIOIJITBRD=-Pa3YHoOT
ay3 Aq xsjua) yoxessay AsTIueT YSYN
(z) 8L ay3 Jo uorgsaxadooo ayj3 y3zTm pajzonp
“MY=-LLT-th VA =U0D SBM SJI030J PIITI JI33aUWBTpP 3007

30BI3U0) °2 =0T JO uoT383T3SSaAUT TejuswIIadxs uy

J0304 qx0day paTJIsseTouf
PIZ1TY Sssau
=JJT3S PaYOIBH SHIVTIOHTSTAT ¥sel WOORMIVSN ((I)gL=-0Wv
pazTw3do =LLT-th V@ 3oea3uo)) -dd GG ‘4961 I8q
uB JO S3S3T -WaAON ‘06LLT °ON 3xodsy ‘eTUIOJTITED

Touumy, pUTIM °T ‘Nueqang ¢Aueduwlo) BIUJIOJT TB)-pPasy3oo]



Rytxetdmwo) TeOTUBYOAN (G
sadxo0d Toxjuo) (4

Feaq ang (€

Bexq pue jydteM oxfkp (2
3udtaM 10308 (T

t3utonpax £q safwjusAps I33JO

03 sasadde Jo3ox prdta Jo adA3 mau
STYL °TnJssaoons axam Jqnoy aad saTIw
€92 Jo spaads JT® DPajBTMMUIS 03 S3S3JY
*SSaUJJIT3s osTMABTJ S3T 03 payo3sll SBM
aImxaTy 9y3 JOo ssauJyi3s susTd-ur ayg
*sButasaq qny Jo 208Td UT FUSWATS aam
-XxaTJ ® pafordws pajsay sJoz0x ayy ITV
rTauumy, sotwsufg oTuosuwy], AaTduwv]

fyrxerdwo) TeoTUBYOA (G
saox04 Toxjuo) (4

Bexq qng (€

Beaq pue y3TeM oxhp (2
Jy3tapM J0308 (T

:8utonpax Aq gafwjusBAp® J3IJO

03 sawadde J020x prdta Jo adA, mau
STYL °InJssaoons axam anoy Jad saTTw
€92 Jo spaads ITv pajBTNUIS 03 SISIY
*SSauJJIT3s osTmMdBTJ S3T 03 Payo}BUl SBM
aanxaTF ay3 JO ssaugyr3s ausTd-ur ayg,
*sButasaq qny JO 2o8Td UT JUSWATS auan
=X3TJ ® pafoTdws paj3ss] SI030X Y3 TTV
*Tauumy, soTwruAg OoTuosusy], AaT3ueT]

£31xa1duwo) TBOTUBYOAN (G
sadx04 Tox3uo) (4

Bevaq anH (€

8saq pus 3y3taM oxhD (2
3SteM 10308 (1)

s3uronpax Aq safvjuBApe ISIJJO

03 saxeadde Joj30x prf8Ta Jo adA3 mau
STYL °TnJssaoons axsm Jnoy Jad s€aTTwl
€9z Jo spaads JITe POIBTNUIS 03 £3S3T
*983uJJT3s o9sTMdBTI S3T O3 pPayo}BUL SBM
amxaTJ ay3 JO ssauJJIi3s susTd=ur ayg
*s3utasaq qny Jo 20BTd UT jUSWSTL aan
-X3TJ ® pakordws paj3say sJ030X au3z ITY
* Teuum], sotweufg oTuosuvgy], AsTdus]

Ry1xeTdwo) TBOTUBYON
S30J04 TOJI3uUO0)

Jeaq qng

Feaqg pue yITeM oILH
13379M I0304

sButonpax Ag sadejusApB I83J0

03 savadde ao3ox prdra Jo adh3 mau
STYL °TnJssaoons axam Jnoy Jad ssTIW
€9z Jo spaads JTB DPIajBINUIS 03 S3S3
*ssauJJI3s osTMmdBTJ S3T 03 payo3Bll SBM
aanxaTJ aYy3 Jo ssauliras aueTd=-ul ayg
*s8utaeaq qny Jo 2o8Td UT 3FUSWSTS aan
-X3TJ ® pafoTdws pajsa} sIo0j0x sujl TTY
*Tauuny, sotweufg oTuosuey] AsTIue]

AN~~~
- T N
Nt S St Nt



